Zeaxanthin-dependent nonphotochemical fluorescence quenching is a light-induced activity in plants that apparently protects against the potentially damaging effects of excess light. We report a dark-induced nonphotochemical quenching in thylakoids of Lactuca satva L. cv. Romaine mediated by ATP. This effect is due to low lumen pH from hydrolysis-dependent proton pumping and hence required an active ATPase. The induction was optimal at 0.3 mM ATP, a physiological concentration, and occurred under conditions of little or no reverse electron flow. The properties of ATPinduced quenching were in all respects examined similar to light-induced quenching, including antimycin inhibition of quenching induction but not ApH. We conclude that zeaxanthin-dependent quenching depends directly on lumen pH and that the role of light is indirect. Although it is known that zeaxanthin and low lumen pH are insufficient for quenching to occur, the results apparently exclude the redox state of an electron-transport carrier or formation of light-induced carotenoid triplets as a further requirement. We propose that a slow pH-dependent conformational change together with zeaxanthin cause static quenching in the pigment bed; possibly antimycin inhibits this change. Furthermore, we suggest from the ability of ATP to sustain quenching in the dark for extended periods that persistent or slowly reversible zeaxanthin quenching often observed in vivo may be due to sustained ApH from ATP hydrolysis.
High light intensity induces reversible changes in the level of violaxanthin in leaves via the so-called xanthophyll cycle (1) (2) (3) . Zeaxanthin, which is formed in this cycle from violaxanthin (4) under low lumen pH (5) , enhances nonradiative dissipation of excess absorbed energy and thus apparently serves the important function of protecting the photosystem against the potentially damaging effects of excess light (6) . In vitro, the rate and extent of zeaxanthin formation are functions of lumen pH, ascorbate concentration, and violaxanthin availability (2) . In vivo, zeaxanthin forms when photosynthesis becomes limiting (4, 7, 8) , at high temperature (7, 9) , or under other combined stresses (10) . Zeaxanthin-forming capacity, thus protective capacity, varies with species and growth history. Plants that are well adapted to high light intensity have larger total pools of xanthophyll-cycle pigments (violaxanthin plus antheraxanthin plus zeaxanthin) than the same species grown under reduced light intensity (11) .
Nonradiative energy dissipation at photosystem II (PSII) is reflected in nonphotochemical quenching (NPQ) of roomtemperature fluorescence (12) (13) (14) (15) . The correlation of NPQ with zeaxanthin formation, first reported by Demmig et al. (16) in leaves, has since been observed in intact chloroplasts (17) and thylakoids (18) . Zeaxanthin-dependent NPQ is of the "high-energy" or ApH-dependent type (17) (18) (19) as is zeaxanthin-independent or constitutive NPQ that is also present in many systems (17) (18) (19) (20) . Lowering of the intrinsic quantum efficiency or "down-regulation" of PSII has been related to ApH-dependent quenching (15, 21) . Whether zeaxanthin and NPQ are correlated under all ApH conditions is controversial (20) .
The mechanism of high-energy NPQ is unclear. Although zeaxanthin (17, 18, 22) and lumenal proton concentration (20, 23, 24) can be quantitatively related to NPQ, quenching is not simply due to ApH or zeaxanthin or both. Antimycin can inhibit NPQ without inhibiting either ApH (25) or zeaxanthin formation (18) . Antimycin has been proposed to inhibit quenching by inhibiting the oxidation of a ferredoxinquinone reductase (26) . The site of quenching is also uncertain, albeit Stern-Volmer type analysis of NPQ (17) (18) (19) 22) suggests that zeaxanthin quenches in the "pigment bed" according to the Butler-Kitajima model (27) . In contrast, similar analyses suggest that constitutive NPQ possibly occurs in the reaction center (17, 19) .
All zeaxanthin-dependent NPQ reported to date has been light induced. Hence it has not been determined whether light has a role other than generation of the ApH required for NPQ and zeaxanthin formation. ATP hydrolysis can generate a ApH (28, 29) and with ascorbate present can induce zeaxanthin formation in the dark (5) . Whether ATP hydrolysis can similarly induce NPQ in the dark has not been reported. ATP hydrolysis is reported to increase fluorescence and to stimulate chlorophyll a (Chl-a) luminescence by inducing reverse electron flow (29, 30 
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were at 250C and were stirred continuously during measurements.
Measurement of Zeaxanthin Formation, Room-Temperature Chlorophyll Fluorescence, and Lumen pH. Roomtemperature chlorophyll fluorescence induction was measured with a PAM 101 chlorophyll fluorometer (Heinz Walz, Effeltrich, F.R.G.) by using the light-doubling technique (12, 13) . All actinic light and saturating pulses were filtered through Coming CS2-58 (red) and CS1-75 (infrared) filters. Zeaxanthin concentrations at the end of treatments were determined by HPLC (31) RESULTS Preliminary experiments indicated that lettuce thylakoids are similar to pea thylakoids with respect to the effects of artificial electron-transport mediators, uncouplers, and antimycin on NPQ (18) , except that lettuce has low to negligible levels of constitutive NPQ. Importantly, lettuce thylakoids have high zeaxanthin-cycle activity and thus high NPQ. The reason for low constitutive NPQ in lettuce is unclear but may be related to lactucaxanthin, a xanthophyll that is unique to Lactuca sativa L. and closely related species (35) . Lactucaxanthin appears to partially substitute for lutein in the light-harvesting Chl-a/b protein complex in lettuce (36) .
ATP-Induced Zeaxanthin-Dependent FM and FO Quenching. A three-phase protocol was developed to examine the effects of ATP, in the dark, on NPQ. Zeaxanthin was first light induced with ascorbate and methylviologen (MV; 1,1'-dimethyl-4,4'-bipyridinium dichloride) (18) . Near the end of the light induction, dithiothreitol (DTT) was added to inhibit further zeaxanthin formation (37) and at the same time to activate the ATPase (28) . Finally, after turning off the actinic light and a short dark period for ApH relaxation, ATP was added. Fluorescence quenching and AA520 were monitored after the light was turned off. The control treatment was similar except that DTT was added before the actinic light treatment to inhibit all zeaxanthin formation. (38, 39) observed in the absence of electron donors and carriers is unknown.
The lower AAS20 traces in Fig. 1 show that ATP-induced lumen acidification, developed rapidly and faster than FM or F0 quenching. Apparently, lumen acidification precedes quenching, which suggests, consistent with numerous other reports (14, 17-19, 23-26) , that quenching involves other slow changes following ApH. The onset of the 520-nm change in the sample treated to induce zeaxanthin was slower than in the DTT sample, although the final extent was the same in both cases. The significance of these differing AA520 kinetics is unclear. A shorter actinic illumination was used for the DTT treatment to avoid photoinhibitory damage during ATPase activation. In the absence of zeaxanthin, long light treatments increased FO, indicating photoinhibitory damage (17, 19, 22, 40) .
ATP-induced zeaxanthin-dependent FM quenching showed a sharp optimum at -0.3 mM ATP (data not shown). At the optimum, the ATP-induced lumen acidification was -80%o of the level under saturating light. At higher ATP concentrations, NPQ was lower, and several complex side effects were noted, including acidification of the medium itself. Importantly, the ATP optimum for dark induction of NPQ was within the physiological concentration range present in chloroplast stroma of various species (41) (42) (43) .
SVN was highly correlated with zeaxanthin concentration [SVN = (6.8 X 10-3)(zeaxanthin concentration in mmol per mol of Chl-a) + (2.8 x 10-3); n = 9; r2 = 0.95]. The line intercepts close to the origin, which shows that constitutive NPQ was undetectable in this thylakoid preparation. The linear correlation has a shallower slope than our previously reported results with peas by light induction (18) . The difference is probably due to the subsaturating lumen acidification mentioned above.
ATP-Sustained Quenching. Leaves exposed to photoinhibitory conditions (10, 22, 44) often show a zeaxanthin NPQ that relaxes slowly. We tested the possibility that this slowly relaxing or sustained quenching in vivo could be due to dark-sustained ATP hydrolysis. Thylakoids were treated with actinic light to form zeaxanthin and induce NPQ, DTT was added to activate the ATPase, and ATP was then either added or omitted before turning the light off. In the absence of added ATP ( Fig. 2A) , FM relaxed rapidly and FO recovered in -1 min after the actinic light was turned off. FM also recovered completely and was not further increased by hexokinase. As expected, dibromothymoquinone (2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone) increased FM, and nigericin had no further effect. These results indicate that the ApH relaxed completely after the light was turned off, consistent with previous results (17, 18) . Fig. 2B shows that when ATP was added before the light was turned off, Fo and FM quenching were sustained in the dark until hexokinase was added. Evidently, the presence of ATP sustained the quenching by maintaining the ApH.
Correlation of ATP-Induced SVN and SVO. Light-induced FM and FO quenching at steady state are linearly correlated with the zeaxanthin concentration (18) . Whether the quenching is correlated under light-induced kinetic conditions is not easily examined because the slow oxidation of the primary electron acceptor, QA, and the rapid dissipation of ApH make accurate F'o measurements difficult. Under ATP-induced conditions, these constraints are not present. Fig. 3 shows that SVN and SVO observed kinetically are highly correlated. Fig. 3 Inset shows the kinetics of the ATP-induced SVN involved the redox state of an electron-transport carrier. Fig.  4 shows that antimycin inhibited all SVN development when it was added before ATP was added. Antimycin added after SVN had developed inhibited further development of SVN but did not substantially reverse predeveloped SVN. Fig. 4 is in fact similar to figure 9 in ref. 18 , which was light induced. Consistent with earlier studies with light-induced ApH (18, 25) , antimycin did not inhibit ATP-induced ApH (data not shown). Interestingly, ATP induced a rapid F0 increase, up to 9o in some cases, when NPQ development was inhibited with antimycin, even with zeaxanthin present. This F0 rise was similar to when zeaxanthin formation itself was inhibited with DTT ( Fig. 1) . Thus it appears that this small and rapid ATP-induced F0 increase is detectable when zeaxanthindependent NPQ cannot develop due either to the absence of zeaxanthin or to the presence of antimycin. Interestingly, F0
also increases in vivo when zeaxanthin formation is inhibited with DTT (17, 19, 40) . DISCUSSION In leaves, zeaxanthin formation (1-4) and energy-dependent NPQ (15, 17, 19, 22) are both light inducible. These responses, initially characterized independently, are now known to be related in that zeaxanthin formation increases energy-dependent NPQ (17) (18) (19) 22) . Both zeaxanthin formation and NPQ are also known to be ApH dependent. In thylakoids, with ascorbate present, ApH from ATP hydrolysis or buffering thylakoids at pH 5 can substitute for light in zeaxanthin formation (5) . The present results establish that ATP can also substitute for light in NPQ. The dark induction is due to ApH from hydrolysis-dependent proton translocation and thus requires an activated ATPase.
Under light induction, distinguishing between direct and indirect effects of light is difficult. In a study that preceded the discovery of zeaxanthin NPQ, acid-induced fluorescence quenching was observed in uncoupled thylakoids subjected to pH changes of the suspending medium (23) . Irreversible and rapidly reversible quenching components were induced, and the latter was concluded to be analogous to the slow P to S light-induced fluorescence decline (45) . To our knowledge, this is the first report of dark induction of zeaxanthin NPQ. Only a very weak modulated monitoring beam (<0.15 pLE m-2 s-1), which itself has no actinic effect, was present during F0 quenching. In the case of FM quenching, which required use of intense saturating flashes, the rate and extent of quenching was independent of the flash rate. The ATPinduced quenching of F0 in Fig. 1 (ZEAX) and Fig. 3 is an additional observation of the kinetics of "energized state" quenching, F'o. The proportionality of F0 quenching and FM quenching under kinetic conditions (Fig. 3 ) strongly supports the similar relationship seen under steady-state light induction (17) (18) (19) 22) . Proportional quenching implies that zeaxanthin-dependent NPQ occurs in the pigment bed. Overall the properties of ATP-induced and light-induced NPQ are similar.
While induction of a ApH by ATP hydrolysis is not surprising, dark induction of zeaxanthin NPQ was not predictable from the literature. Earlier studies reported that ATP hydrolysis induced reverse-coupling reactions, which caused a biphasic increase in the dark-level fluorescence (29, 38, 39) and stimulated delayed light emission from PSII (30) . These effects required the presence of an electron donor such as DTT or ascorbate plus an electron carrier such as phenazine methosulfate (29, 30, 38, 39) . The absence of artificial electron carriers in the present study precluded reverse electron flow, although ascorbate and DTT were present. Furthermore, the F0 signal after each flash indicated that the electron transport chain remained nearly, if not completely, oxidized during ATP induction (Fig. 1) . This condition was apparently favored not only by the absence ofadded electron carriers but also by the presence ofthe strong electron acceptor, MV. The highly oxidized conditions probably explain the lack of uncoupler-insensitive ATP-induced quenching of the type previously reported to be due to state transitions (46, 47) . Importantly, NPQ induction under both dark (this study) and light (18) conditions strongly suggests that the redox state of an electron-transport carrier is not critical. Since actinic light is not required for development of NPQ, involvement of light-dependent carotenoid triplet formation also appears excluded.
While neither a direct light effect nor the redox state of an electron-transport carrier appears critical for development of NPQ, it remains that zeaxanthin and ApH are insufficient for quenching. This is clearly seen in the effect of antimycin, which inhibits NPQ without inhibiting either ApH (25) or zeaxanthin (18) formation. When NPQ can develop, zeaxanthin (17, 18) and lumen protons (20, 23) behave as SternVolmer type quenchers. The events that ultimately translate these parameters into quenching is unknown. The faster kinetics of lumen acidification over NPQ development, with zeaxanthin preformed (Fig. 1; ref. 20) , suggests that a critical change follows ApH. Although "energy-dependent" quenching, by definition, implies involvement of ApH, the fact that all properties of dark-induced NPQ are similar to lightinduced NPQ strongly suggests lumen acidity is the major and possibly only final determinant in development of NPQ. We propose, therefore, that a pH-sensitive conformational change is involved. This conformational change is hypothesized to result in zeaxanthin-dependent static quenching in the pigment bed. Static quenching would not be diffusionally constrained as would a collisional-quenching mechanism. Antimycin presumably inhibits this conformational change. The relationships of ApH to zeaxanthin formation and NPQ, including the possible site of antimycin inhibition, are shown schematically in Fig. 5 .
Zeaxanthin has been correlated with both rapidly relaxing (17, 19) and sustained types of NPQ (10, 44 intensity (10, 22) , and water stress (10) . Here, exogenous ATP at concentrations naturally occurring in chloroplast stroma simulated sustained quenching (Fig. 2) . Hence, we suggest that slowly relaxing quenching may be due in part to ApH maintained by ATP hydrolysis under conditions of limited ATP consumption by dark photosynthetic reactions. An integrated feedback mechanism that dissipates excess light energy from PSII under conditions of "excess" ATP is implied.
